Understanding the nature and behavior of vacancy-like defects in epitaxial germanium-tin (GeSn) metastable alloys is crucial to elucidate the structural and optoelectronic properties of these emerging semiconductors. The formation of vacancies and their complexes is expected to be promoted by the relatively low substrate temperature required for the epitaxial growth of GeSn layers with Sn contents significantly above the equilibrium solubility of 1 at.%. These defects can impact both the microstructure and charge carrier lifetime. Herein, to identify the vacancy-related complexes and probe their evolution as a function of Sn content, depth-profiled pulsed low-energy positron annihilation lifetime spectroscopy and Doppler broadening spectroscopy were combined to investigate GeSn epitaxial layers with Sn content in the 6.5-13.0 at.% range. The investigated samples were grown by chemical vapor deposition method at temperatures between 300 and 330 °C. Regardless of the Sn content, all GeSn samples showed the same depth-dependent increase in the positron annihilation line broadening parameters, relative to that of epitaxial Ge reference layers. These observations confirmed the presence of open volume defects in as-grown layers. The measured average positron lifetimes were found to be the highest (380-395 ps) in the region near the surface and monotonically decrease across the analyzed thickness, but remain above 350 ps.
These measurements indicate that divacancies are the dominant defect in the as-grown GeSn layers. However, their corresponding lifetime was found to be shorter than in epitaxial Ge thus suggesting that the presence of Sn may alter the structure of divacancies. Additionally, GeSn layers were found to also contain a small fraction of vacancy clusters, which become less important as Sn concentration increases. The interaction and possible pairing between Sn and vacancies have been proposed to explain the reduced formation of larger vacancy clusters in GeSn with higher Sn content.
I. INTRODUCTION
Developing chip-scale lasers, detectors and other active optoelectronic devices on silicon provides a viable path for monolithic manufacturing of photonic integrated circuits with significant cost reduction and new functionalities for a wide range of applications. 1 In this regard, Sn-containing group IV semiconductors (Si)GeSn have been suggested as potential building blocks for siliconcompatible light sources. 2 This material system provides two degrees of freedom for band structure engineering, namely, alloying and strain. This characteristic is central to engineer novel lowdimensional systems and heterostructures in a similar fashion to the mature III-V semiconductors.
Moreover, unlike the indirect band gap Si and Ge, a direct fundamental band gap can be obtained in (Si)GeSn which is promising for efficient emission and detection of light. [3] [4] [5] The flexibility in band gap engineering provided by these group IV semiconductors has sparked a recent surge of interest in the growth of device quality layers on Si or Ge substrates. [6] [7] [8] [9] The nature of band gap and its energy depend on the composition and strain in the alloy. [3] [4] [5] The epitaxial growth of (Si)GeSn semiconductors has been proven to be very challenging due to the low solubility of Sn in Si (<0.1 at.%) and Ge (<1 at.%). For instance, in the Ge1-ySny binary system only one component alloy is allowed in equilibrium near each element: Ge1-ySny with y < 1 at.% or y > 99.4 at.%. 10, 11 Additionally, only the diamond structure of α-Sn is semiconducting, which is stable below 13.2 °C. Above this temperature, α-Sn transforms to the metallic phase β-Sn, thus adding to the long list of the growth hurdles. The recent progress in controlling the growth kinetics overcame these difficulties leading to the epitaxial growth of device-quality binary and ternary layers with high Sn content. [6] [7] [8] [9] 12 However, to avoid surface segregation and phase separation, the growth is typically carried out below 400°C, thus raising fundamental questions regarding point defects that are inherent to low growth temperatures. In fact, the presence of native point defects such as vacancies and vacancy complexes can greatly impact the microstructure and the electronic properties of the epitaxial layers. For instance, vacancies can promote the motion and interaction of dislocations thus impacting both the density and the type of extended defects. 13 Moreover, vacancy-related lattice defects can also strongly limit the efficiency of light emission and detection via doping compensation and carrier trapping. [14] [15] [16] Despite their importance, studies of the vacancy-related complexes in epitaxial Sncontaining group IV semiconductors are still conspicuously missing in literature. With this perspective, this work reports on direct analysis of vacancy complexes and elucidates their behavior as a function of Sn content in metastable GeSn epitaxial layers. By combining depthprofiled positron annihilation lifetime spectroscopy (PAS) and Doppler broadening measurements, we found that divacancy is the dominant complex observed in GeSn layers independently of Sn content in the investigated range of 6.5-13 at.%. The as-grown layers were also found to contain a small fraction of larger vacancy clusters. Intriguingly, the increase in Sn incorporation was found to be associated with a slight increase in divacancies and concomitant decrease in vacancy clusters.
II. EXPERIMENTAL DETAILS
The investigated samples were grown on a 4-inch Si (100) wafers in a low-pressure chemical vapor deposition (CVD) reactor using ultra-pure H2 carrier gas, and 10 % monogermane (GeH4) and tintetrachloride (SnCl4) precursors, following a recently developed growth protocol. 8, 12, 17 First, a 500-700 nm-thick Ge-VS was grown at 450 °C, followed by thermal cyclic annealing (>800 °C) and additional Ge deposition. Next, a 500-700 nm-thick GeSn layer (Fig. 1a ) was grown at a fixed temperature in the 300-330 °C range, corresponding to a Sn content in the 6.5-13 at.% range, as estimated from Reciprocal Space Mapping (RSM) X-ray diffraction (XRD) (Fig. 1a, inset) .
Herein, the highest Sn content is obtained at the lowest growth temperature and vice versa. Note that a ~60 nm-thick GeSn buffer layer grown at 320 °C was used for the subsequent growth of the 310 °C and 300 °C samples. The residual (compressive) in-plane strain in the GeSn layers being lower than -0.3 % allows for a direct comparison in the 2θ-ω scans around the (004) XRD order in Fig. 1b , where a shift of the GeSn peak toward lower angles with increasing Sn content is observed. 12 Doppler broadening analyses were carried out using a variable energy positron beam. 19, 20 Monoenergetic positrons were produced by a 20 mCi 22 Na source assembled in transmission with a 1 μm monocrystalline tungsten moderator and transported in a magnetic guidance system to the sample. The beam is characterized with a diameter of 4 mm and an intensity of 5×10 2 e + /s. The samples were measured at room temperature under ultra-high vacuum. A high-purity Ge detector with an energy resolution of (1.09±0.01) keV at 511 keV was used to record the annihilation spectra. A spectrum of about 5×10 5 counts in the 511 keV peak is acquired at each positron kinetic energy E. The Doppler broadening spectrum of the 511 keV annihilation line is characterized by two parameters, S (low electron momentum fraction) and W (high electron momentum fraction). counts were accumulated in each positron lifetime spectrum. The lifetime spectra were decomposed in two components,
convoluted with the
Gaussian resolution function of the spectrometer using the lifetime program LT9. 22 The average lifetime is determined from the lifetime deconvolution, τav= 1 1 + 2 2 . Here, τi and Ii are the positron lifetime and its relative intensity, respectively, of each lifetime component i. An average lifetime above the bulk value τb is a sign of the existence of vacancy defects in the material. This parameter can be experimentally observed with high accuracy and a change as small as 1 ps in its value can be reliably measured.
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III. RESULTS
The evolution of the S-parameter as a function of the positron energy in each GeSn layer is shown in Figure 2 . For comparison, a reference measurement performed on a 600 nm-thick Ge-VS is also
shown. We note that the penetration depth of the positron beam was estimated at different energies using Ge lattice as a reference. It is noticeable that the S-parameter increases as the positron energy increases up to 10 keV (zmean~310 nm). At higher depths (E>12 keV), the positron beam reaches the Si wafer and a constant value of S~0.52 is recorded. All GeSn samples show a similar trend.
The S-parameter is larger than in the case of the Ge-VS up to 10 keV (zmean~310 nm), followed by a progressive decrease reaching the Si value at 30 keV (zmean~2000 nm). We note that despite the use of higher energies, the interaction of the positron beam with the GeSn layers induced by the broadening of the Makhov profile, 25 leads to S-parameter values in the underlying Ge-VS larger than in the reference layer without GeSn. Fig. 1b to infer that the data displayed in Fig. 2b provide the first hints that the predominant defects in asgrown GeSn layers are likely divacancies and vacancy clusters, as confirmed below. At energies above 12 keV (zmean>600 nm), the beam reaches the underlying Ge-VS and a clear decrease in S/SGe-VS is observed, eventually evolving toward unity when approaching the Si substrate.
The positron lifetime measurements as a function of depth are exhibited in Fig. 3a . In the Ge-VS, the average lifetime τAV drops from 360 ps near the surface down to 315 ps at the interface with Si substrate. Independently of the probed depth, the average lifetime values are well above the bulk Ge lifetime τb=224-228 ps, 29, 30 thus confirming that vacancy-related defects are present in the Ge-VS. For GeSn layers, a decrease in τAV with increasing depth is observed in all samples.
It is noticeable that the incorporation of Sn is always associated with an increase in the average lifetime as compared to Ge-VS, but with a less pronounced decrease as a function of depth. The effect of composition is summarized in Fig. 3b , showing the average lifetime τAV at various depths as a function of Sn content. Regardless of the mean depth considered, τAV always increases in presence of Sn. Surprisingly, the sample with the highest Sn content (13 at.%) always shows the shortest average lifetime across the whole GeSn thickness. At a first glimpse, this observation seems rather counterintuitive as the layers with the highest Sn content were grown at a slightly lower temperature (300 °C), which should further promote the formation of vacancies. As it will be discussed later, a possible interaction between Sn and vacancy complexes can be invoked to explain this behavior.
To investigate the nature of the detected open volume defects, the lifetime spectra were fitted with two lifetime components. 18 For the reference Ge-VS, the results for the lifetimes τ1 and τ2 and the intensity I2 associated with the second component are plotted as a function of the mean depth in Fig. 4 29 Experimentally, the reference bulk Ge lifetime is τb=224-228 ps. 29, 30 , thus the τ1 values are approaching the defect-free bulk lifetime. In fact, a τ2>330
ps was recorded for neutral divacancy in bulk Ge samples irradiated with neutrons, 31 while values below 320 ps are generally associated with negatively charged divacancies, which results in a background p-type doping in Ge. 15 In proton-irradiated Ge bulk samples, vacancy-like defects with a negative charge state and a lifetime of 294 ps, assigned as V-As complexes, were also reported. 32 However, it is noteworthy that monovacancies are usually measurable only at temperatures lower than 200K, since above this temperature neutral monovacancies paired to form divacancies. 33 In addition, clusters formed by 3 or more vacancies are believed to be associated with a lifetime longer than 365 ps. 34 The deconvoluted lifetime results in Fig. 4 shows that clusters made of multiple vacancies 33 are present with a τ2=405-350 ps. However, the τ1=250-225 ps is much lower than the expected values for divacancies, thus the higher growth temperature of 450 ⁰C in combination with the thermal cyclic annealing above 800 °C seems to contribute to the annihilation of most of the divacancies, while the remaining tend to form vacancy clusters. This is consistent with an early report on divacancy clustering in neutron-irradiated Ge. most likely with more than 5 vacancies. 33 However, the intensity I2 being much lower than I1
demonstrates that the concentration of vacancy-clusters is rather low compared to that of divacancies. Indeed, the increase of intensity I1 with Sn content, reaching 80% at 13 at.% of Sn (Fig. 5c ), indicates that divacancies are the predominant type of point defects in GeSn. This result also provides clear evidence that divacancy is stable in GeSn at room temperature, which is the temperature at which the positron annihilation measurements were conducted. We note that the GeSn alloys composition was controlled during growth by varying the temperature of the samples from 330 °C (6.5 at.%) down to 300 °C (13 at.%). Here, one may argue that lowering the growth temperature may limit the mobility of vacancy complexes and consequently their interaction can become less probable, thus reducing the likelihood of the formation of larger vacancy clusters.
However, it is important to point out that that the change in growth temperature from 300 to 330
⁰C is too small to significantly impact the dynamics of vacancy complexes and their interactions.
For instance, the migration of a divacancy in Ge involves activation energies above 1eV regardless of the chosen pathways (direct migration of divacancies or migration after split to form the highly mobile single vacancies). 35 Therefore, it is reasonable to assume that the change in thermal energy under our conditions may have a negligible effect.
As mentioned above, τ1 does not depend on the Sn composition in the investigated range and is always more than 85 ps higher than the 250-225 ps recorded for the Ge-VS. This may suggest that the divacancy structure is perhaps altered by the presence of Sn and the associated lattice stress. In general, it is reasonable to believe that because Sn atom is larger than Ge atom the pairing of Sn with vacancies would be a viable path to locally minimize the stress associated with Sn incorporation. It is currently well established that Sn occupies substitutional sites in GeSn lattice and is randomly distributed 8 with no sign of any short-range ordering. 36 However, early reports on the interaction of Sn with simple defects in irradiated Ge provided evidence of an affinity of Sn atoms to attract vacancies in order to relief the stress in Ge lattice. 37 This attractive interaction between Sn and vacancies was also suggested based on ab initio calculations combined with emission channeling studies of Sn-implanted Ge. 38 Based on thermodynamic considerations, these studies confirmed that the isovalent Sn expectedly favors substitutional sites, but it can also trap vacancies. After trapping vacancies, Sn evolves to occupy the bound centered site under vacancy-split configuration. Note that the formation of Sn-divacancy complexes has also been reported in irradiated Ge, but it was shown to anneal out at 220K, 39 which is significantly below the growth temperatures used in this study. Nevertheless, the formation of these complexes in epitaxial films cannot be ruled out as the growth kinetics can affect their thermal stability.
Our lifetime measurements agree at least qualitatively with the aforementioned observations. Indeed, the results point out to a possible effect of Sn that can locally freeze vacancies thus limiting their clustering in the grown layers. Indeed, the observed drop in the intensity of vacancy clusters I2 as Sn content increases underscores a certain role of Sn in reducing vacancy migration and interaction to form clusters. This effect yields a decrease in τAV as the long-lived τ2 component becomes less important at higher Sn incorporation. Finally, it is important to emphasize that the dislocations in the proximity of the GeSn-Ge interface 8, 12 do not have an impact on both GeSn were found to be 20 to 140 ps higher. In addition, the average lifetime was also found to be inversely proportional to Sn content in the GeSn layers. These results show that divacancies are the dominant defects in the as-grown GeSn layers, while only a small fraction of vacancy clusters is present in the alloy, with a further reduced amount as the Sn content of the alloy increases. A 
